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ABSTRACT 
Ferroelectric polymers entail a number of constraints, which together limit the useful com-
positional variations. These constraints include the following: a stable molecular dipole 
moment, compact crystal structure, conformational flexibility, and minimal steric hin-
drance. They are well satisfied by the prototype ferroelectric polymer, polyvinylidene fluo-
ride, and yet almost every other conceivable molecular structure is limited by comparison.  
   Index Terms — ferroelectricity, ferroelectric polymers, vinylidene fluoride, 
trifluoroethylene.  
 
1 INTRODUCTION 
THE field of electrets encompasses a wide range of mate-
rials exhibiting a persistent external electric polarization due 
to the net alignment of electric dipoles, trapped space charge, 
or both [1]. Polymers incorporating permanent molecular 
dipoles constitute an important class of electrets, and so it is 
fitting that we consider the conditions under which such a 
polymer can also be considered ferroelectric. Further, because 
ferroelectric polymers have many uses, it is fruitful to con-
sider how their properties depend on molecular structure.  
Polymers readily exhibit three distinct mechanisms of ap-
parent electric polarization [2, 3], namely ferroelectricity, 
metastable electret orientation, and nonuniform space-charge. 
These mechanisms are illustrated in Figure 1a-c. In the case 
of ferroelectricity (Figure 1a), the material polarization arises 
from cooperative interactions that favor parallel alignment 
permanent electric dipoles and is an equilibrium property of 
the system [4]. Ferroelectrics are defined by bistability of the 
polarization, as exhibited by polarization hysteresis as the 
electric field is cycled with an amplitude larger than a charac-
teristic coercive field [4]. The polarization in dipolar electrets 
(Figure 1b), in contrast, is metastable and does not represent 
an equilibrium ground state [1, 5-7]. The alignment of the 
dipoles in an electret is primarily a consequence of the exter-
nal electric field, accompanied by little or no cooperative 
interaction among the dipoles. Because of the lack of coopera-
tive interaction, the induced polarization is metastable and in 
the absence of an external electric field, it will relax to a non-
polar equilibrium state. The relaxation time can, however, be 
very long, from seconds to years, resulting in an apparent 
polarization hysteresis as the dipolar alignment lags behind 
the applied electric field. The trapped charge in space-charge 
electrets (Figure 1c) will also produce an apparent polariza-
tion [6], in that the electric displacement remains nonzero 
after the external field is removed. A space charge distribution 
can also be very long lived if the traps are sufficiently deep [6, 
8, 9]. Space-charge electrets exhibit apparent polarization 
hysteresis due to time lag between field and charge transport 
or to the nonlinear injection from the electrodes, or both.  
 
Figure 1. Manifestation of polarization in a) an ordered ferroelec-
tric crystal, b) a dipolar electret, and c) a space-charge electret.  
It is not unusual to observe all three of these mechanisms in 
semi-crystalline dipolar polymers, where polar crystallites, 
amorphous polymer, and charge trapping may simultaneously 
exist [6, 10, 11]. As a result, when attempting to characterize Manuscript received on 14 July2009, in final form 23 September 2009.
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the ferroelectric properties of a given polymer system, care 
must be taken to insure that the polarization is truly bistable 
and that polarization reversal is indeed associated with the 
equilibrium properties of the medium and not external effects, 
such as injected charge or metastable dipole alignment.  
1.1 WHAT IS A FERROELECTRIC? 
The commonly accepted definition of ferroelectricity is quite 
simple. There must be a bistable electrical polarization that can 
be reversed, repeatedly, by an opposing electric field to produce 
a polarization hysteresis analogous to magnetization hysteresis 
in ferromagnets [4, 12]. The existence of a permanent, meaning 
thermodynamically stable, polarization necessarily limits ferro-
electricity to crystalline systems, specifically those with one of 
the 10 polar crystal point groups [13]. The prototypical ferro-
electric is barium titanate, a so-called “displacive” ferroelectric 
characterized by a small (~1%) net ionic displacement within 
the unit cell that forms spontaneously as the crystal is cooled 
from the cubic paraelectric phase to the tetragonal ferroelectric 
phase. Polarization switching is accomplished by shifting the 
ions to positions on opposite sides of the cell center [4]. Another 
class of ferroelectrics is the so-called “order-disorder” materials 
characterized by a transition from randomly oriented dipoles in 
the paraelectric phase to ordered dipoles in the ferroelectric 
phase. The class of order-disorder ferroelectrics includes bond-
ordering systems like KH2PO4 and dipolar-ordering molecular 
systems like sodium nitrite [14], thiourea [15, 16], and polyvi-
nylidene fluoride (PVDF) [17, 18].  
1.2 WHAT IS NOT A FERROELECTRIC? 
All three types of electret – ferroelectric [4], metastable dipole 
[6], and space-charge [6] – can exhibit similar phenomenology, 
such as charge or current hysteresis loops [4, 19], or reversible 
pyroelectric and piezoelectric response [6]. Dipolar electrets, for 
example, can be polarized artificially with an external electric 
field [1, 2]. This phenomenon is usually observed in amorphous 
or glassy systems containing molecular dipoles or polar micro- 
and nanocrystals that have sufficient rotational mobility at tem-
peratures above the softening point or glass transition tempera-
ture, and negligible rotational mobility at lower temperatures. 
The dipoles can be aligned by applying an electric field above the 
softening point and frozen in place by cooling in the presence of 
the field. This type of polar electret can be stable for years and 
has many uses, including piezoelectric transducers, pyroelectric 
sensors and imaging arrays, and electro-optic modulators [20].  
Amorphous materials, however, cannot be ferroelectric, al-
though they are often mistaken as such. Such reports typically 
misinterpret one or both of the following observations. Samples 
may exhibit a pronounced surface charge in displacement as the 
voltage is cycled, and apparent polarization-field hysteresis 
loops. But, as mentioned above, this is common behavior in 
electrets, whether from lagging polarization, charge injection, or 
space charge accumulation. Such reports often include claims of 
remanent polarization much larger than the dipole density [21, 
22], and are therefore inconsistent with a purely dipolar mecha-
nism. There may be a pronounced dielectric peak as the tempera-
ture is increased or decreased. Prior experience has shown [4] 
that nearly all inorganic materials exhibiting a dielectric anomaly 
between two crystalline phases, so-called Curie-Weiss behavior, 
are ferroelectric in at least one of those phases. This is a mislead-
ing indicator in the case of glassy systems, which undergo a 
quasi-phase-transition where some form of molecular motion is 
freed up over a range of temperatures. Glass transitions within 
polar systems, such as polar polymers, will often exhibit a strong 
dielectric anomaly connected with this motion. It is not, however, 
related to a ferroelectric phase or phase transition.  
Even crystals that have the requisite polar crystal symmetry are 
not necessarily ferroelectric. Reversibility of the polarization is 
an essential requirement, which rules out materials that are 
merely pyroelectric, materials that do have a permanent polariza-
tion, but for some reason, often steric hindrance, the electric 
dipoles cannot all be reversed. This distinction is illustrated in 
Figure 2. If the molecular dipoles are compact, as are sodium 
nitrite [14] and thiourea [15, 16], then each molecule is able to 
rotate in place with minimal disturbance of its neighbors, as 
indicated by the dashed circle in Figure 2a. Therefore, the polari-
zation is readily transformed between opposite directions and the 
crystal is ferroelectric. In Figure 2b, the molecules are quite 
elongated compared to their separation. They cannot rotate in 
place without interfering with each other (i.e., they are con-
strained by steric hindrance) and so collective reversal would 
require prohibitively large strain. This is the case with a large and 
important class of nonlinear optical molecular crystals [23, 24], 
many of which are grown from long polar moieties, such as 2-
methyl-4-nitroaniline [25]. Designing such molecular pyroelec-
tric crystals is, however, not easy because they typically crystal-
lize with antiparallel dipole moments [23, 24].  
The only way to switch the equilibrium polarization state in a 
sterically hindered crystal, besides the trivial trick of rotating the 
crystal by 180°, is to take it apart, rearrange the molecules, and 
put it back together. Therefore, such crystals are merely py-
roelectric – there is no continuous path between opposite polari-
zation states.  
 (a)  (b) 
Figure 2. Two polar crystals composed of (a) compact electric dipoles; (b) 
long electric dipoles;  
The prototypical displacive ferroelectric, barium titanate 
[4], reverses polarization readily because the barium ion has 
plenty of room to shuttle between two positions toward either 
end of its tetragonal unit cell. The polarization of gallium 
nitride [26], on the other hand, arises from the wurtzite struc-
ture where the gallium atoms are covalently bonded to one 
side of a plane of nitrogen atoms. To reverse the polarization 
direction, the gallium atoms must moved through tightly 
packed plane of nitrogen atoms, but there is not enough room.  
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2 POLYVINYLIDENE FLUORIDE 
Since the discovery of piezoelectricity in polyvinylidene 
fluoride (PVDF, -CH2-CF2-, Figure 3) [27], ferroelectricity 
has been found in only a small number of crystalline poly-
mers. (We exclude here ferroelectric polymer liquid crystals, 
where polarization is only a secondary order parameter, al-
though they have much practical value [28].) PVDF stands out 
because of its highly compact structure and large permanent 
dipole moment. PVDF, like poly(tetrafluoroethylene) is 
chemically stable, a major advantage compared to many ferro-
electric materials. Nearly any variation in structure adversely 
affects chemical stability, crystallinity, or rotational mobility, 
and therefore inhibits ferroelectricity.  
 
 
Figure 3. All-trans conformation of PVDF with a coplanar carbon back-
bone.  
The observation in PVDF of piezoelectricity [27], pyroelec-
tricity [29], and even apparent polarization hysteresis [30], 
were together suggestive of ferroelectricity, but many scien-
tists remained skeptical because the crystallinity was low and 
there were other mechanisms that could account for these 
observations [29, 31]. Typical samples of PVDF are polymor-
phous, containing amorphous material and one or more crys-
talline phases. One of the crystalline phases, the β phase, has 
polymer chains of all-trans conformation (Figure 3) tightly 
packed in a quasi-hexagonal polar C2V structure (Figure 4a) 
consistent with ferroelectricity. Because the β phase is a mi-
nority phase in PVDF, it was not clear whether or not the 
observed properties originated in the β phase crystals. Further, 
there was no apparent ferroelectric to paraelectric phase tran-
sition – no Curie-Weiss type dielectric peak between crystal-
line phases. There is only the melting transition at 170 °C 
[32]. Although many good arguments were made in favor of 
the existence of ferroelectricity in PVDF, perhaps the most 
cogent were made by Kepler and Anderson [33].  
 
 
Figure 4. Crystal structure of all-trans β phase crystals, viewed along the 
polymer chains, of: (a) PVDF and (b) PVDCN showing the relative sizes 
and crystal packing. The arrows show the direction of the net molecular 
dipole moments. 
The key to verifying the ferroelectric nature of PVDF was 
the focus on VDF copolymers with trifluoroethylene (TrFE) 
[34], which do undergo a clear ferroelectric-paraelectric phase 
transition and in which ferroelectric polarization hysteresis is 
characteristic only of the lower temperature phase [35]. Co-
polymers of VDF with TrFE or with tetrafluoroethylene 
(TeFE) have binary phase diagrams where the melting point 
and ferroelectric-paraelectric phase transition temperature 
vary smoothly with composition [36]. In the case of VDF-
TrFE copolymers, the melting point dips to a minimum at 
about 80% VDF, but the transition temperature decreases 
monotonically with addition of either TrFE or TeFE due 
mainly to the disorder of the random copolymer [36-40]. 
Consequently, below about 85% VDF, the transition tempera-
ture is below the melting point, and copolymers in this range 
afford the most comprehensive study of the full range of 
ferroelectric and related properties. (It turns out that an equi-
librium ferroelectric phase transition temperature extrapolates 
to well above the material’s melting point, as was determined 
from the effect of pressure on the transition temperature [37].) 
The emergence of this evidence, a decade after the discovery 
of piezoelectricity in PVDF [27], initiated intensive study of 
ferroelectric polymers [32, 41]. Although the ferroelectric 
copolymers of VDF with TrFE and TeFE have slightly re-
duced spontaneous polarization, because some of the hydro-
gen atoms are replaced with fluorine atoms, their main 
advantage is that they can be annealed to nearly 100% crystal-
linity, whereas pure PVDF is typically limited to 50% crystal-
linity even with extensive annealing, stretching, and poling 
treatments [41]. Increasing the disorder by, for example, elec-
tron radiation [42, 43] or making a terpolymer of VDF and 
TrFE with 5% to 10% CTFE suppresses ferroelectricity and 
tends to produce polymorphous relaxors with exceptionally 
large electrostrictive and dielectric responses [44-47]. Ter-
polymers of VDF and TrFE with 9% hexafluroacetone [48] or 
with up to 6% hexafluorpropylene [49] show similar disorder 
effects suppressing ferroelectricity. 
 
Figure 5. Trans-gauche conformations of PVDF (left) and PVDC (right). 
(Regular structures shown – actual structures may have random helicity.)  
It seems that PVDF has the ideal molecular structure for a 
ferroelectric polymer. The electronegative fluorines contribute 
to a large net dipole moment (about 2 Debye) per –CF2–CH2– 
monomer perpendicular to the backbone. The dipoles are 
conveniently strung in a compact nearly cylindrical rod poly-
mer, which in the ferroelectric phase has a planar all-trans 
conformation (Figure 3) arranged in a quasi-hexagonal close-
packed crystal structure (Figure 4a). This structure has a 
nominal dipole density of 0.13 C/m2, which is close to the 
experimentally determined value of approximately 0.11 C/m2 
[32]. Ab initio calculations indicate that the actual polarization 
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should be somewhat larger, about 0.18 C/m2, due to local field 
(Lorentz) corrections [50]. For comparison, barium titanate 
has a polarization of 0.26 C/m2 [4]. The compact molecular 
cross-section and ease of formation of gauche bonds provide 
the essential mechanism responsible for both switching by 
gauche kink propagation [51] and for the transition between 
the all-trans (Figure 3) and alternating trans-gauche (Figure 
5a) conformations constituting ferroelectric and paraelectric 
phases [52], respectively. For these reasons, the VDF copoly-
mers are by far the most extensively studied ferroelectric 
polymers.  
3 OTHER FERROELECTRIC POLYMERS 
Can other ferroelectric polymers match or exceed the prop-
erties of PVDF and its copolymers? One of the first reported 
alternatives to PVDF is the odd nylon system, which consists 
of a planar –CH2– backbone with polar carbonyl –C=O di-
poles sticking out of the same side of the chain. The odd ny-
lons [53-58], which have all the carbonyl groups on the same 
side of the molecule, are indeed ferroelectric, with polariza-
tions increasing with carbonyl content, ranging from 40 
mC/m2 to 130 mC/m2 [56], which is comparable to the range 
for PVDF and its copolymers. The odd nylons are inexpensive 
and easy to process and make good piezoelectric [53-55] and 
pyroelectric [53, 57, 59] materials. Polarization switching, 
however, is hindered by hydrogen bonding between the =O 
and CH2 on neighboring chains, making these materials diffi-
cult to polarize or switch.  
A simpler and more direct approach is to break the symme-
try of the backbone by replacing the carbons with boron and 
nitrogen to form the polyethylene analog polyaminoborane 
[60], –BH2–NH2–, or the PVDF analog, polyaminodifluorobo-
rane [61], –BF2–NH2–. Ab initio calculations confirm this 
advantage, yielding polarizations of 0.30 C/m2 and 0.36 C/m2 
for polyaminoborane and polyaminodifluoroborane, respec-
tively [50]. These polymers are much more chemically reac-
tive than PVDF and, to our knowledge, there are no published 
reports of ferroelectric or related properties of these polymers.  
A relatively simple analog of PVDF is obtained by substitu-
tion of chlorine atoms for the fluorine atoms. Because chlorine 
is less electronegative (3.16 on the Pauling scale) than fluorine 
(3.98), this would reduce the dipole moment, and therefore the 
polarization, of a ferroelectric form. But even more important, 
the larger covalent radius of chlorine (1.0 Å vs. 0.7 Å for 
fluorine) makes the all-trans conformation completely unsta-
ble. The fluorines in PVDF (and PTFE as well) are already 
slightly too large for the planar all-trans conformation, result-
ing in a small dihedral tilt in the backbone. The much larger 
chlorine atoms, therefore, destabilize the all-trans structure 
necessary for the ferroelectric phase, and so polyvinylidene 
chloride (PVDC, -CH2-CCl2-), for example, supports only the 
trans-gauche conformation (see Figure 5b) characteristic of 
the paraelectric phase of PVDF [62] and its copolymers with 
TrFE [63]. Here, the vinyl chloride likely serves to break up 
sequences of trans bond conformation, thus inhibiting ferro-
electricity while retaining many short trains of trans bonds that 
follow the electric field collectively. Polyvinyl chloride 
(PVC), forms a polar all-trans molecular structure of the form 
-CH2-CHCl-CH2-CClH- where the chlorine atoms alternate 
left and right. It doesn’t crystallize well, and appears to have a 
nonpolar structure when it does [64]. PVC is readily stretched 
and poled to make an electret with good piezoelectric and 
pyroelectric properties [10, 65], more so with plasticizer 
added [66]. Claims that PVC is ferroelectric, however, are 
based on poorly formed hysteresis loops that better resemble 
electret behavior [67].  
4 CYANOPOLYMERS 
Because of the large dipole moment associated with the 
cyano group (–C≡N) of approximately 3.5 debye compared to 
2 debye for VDF [11], it is a promising candidate for chemical 
replacement in the development of highly polar, and poten-
tially ferroelectric, polymer analogs to PVDF. Further, the 
cyano groups are slim enough that they don’t destabilize the 
all-trans conformation. The most direct cyanopolymer analog 
is PVDCN (Figure 4b), in which all of the electronegative 
fluorine atoms of PVDF are replaced by –C≡N [68-70]. Un-
fortunately, because of the highly reactive nature of the 
VDCN monomer, the PVDCN homopolymer has proven to be 
unstable in ambient conditions, decomposing readily in the 
presence of water. A relatively minor modification is to add 
methyl groups, as in poly methyl vinylidene cyanide (PMVC, 
Figure 6). This addition reduces polymer reactivity and results 
in a slightly amphiphilic character suitable for Langmuir-
Blodgett (LB) deposition, a method that proved useful for 
making ultrathin films of VDF copolymers [71-73]. The 
PMVC version should result in better quality LB films due to 
its stronger amphiphilic character, and that proved to be the 
case. PMVC exhibited much more ideal pressure-area iso-
therms on the LB trough, and resulted in better LB films that 
didn’t require annealing as do the VDF copolymer LB films 
[74]. Like PVDF, PMVC has the and all-trans conformation 
polar crystal structure, stable pyroelectric response, and di-
electric hysteresis [75]. The polarization is readily reversed 
well below the melting point and is stable for days [74]. Also 
like PVDF, PMVC reveals no phase transition below the 
melting point, and therefore polarization hysteresis and stabil-
ity alone are not definitive evidence of ferroelectricity. There-
fore it seems appropriate to follow the successful example of 
the VDF copolymers by investigating cyano copolymers.  
Because VDCN is so reactive [11], it readily forms regular 
alternating polymers with other monomers [68, 69, 76]. This 
regular alternation behavior is in contrast to the VDF copoly-
mers [37, 77], in which the TrFE or TeFE monomers appear 
to form random copolymers with PVDF [36]. One example is 
the alkyl fatty acid esters, which have a variable length of n 
alkyl spacers [68, 78], which affords additional synthetic 
flexibility. The most extensively studied of these is the n = 2 
fatty acid or poly(vinylidene cyanide-vinyl acetate), P(VDCN-
VAC) shown in Figure 6 [68-70]. Solvent-cast samples of the 
P(VDCN-VAC) 50:50 copolymer had relatively low crystal-
linity, according to x-ray diffraction studies [69]. Our x-ray 
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diffraction measurements carried out on powder samples of 
P(VDCN-VAC) 50:50, qualitatively verify these observations 
[75]. In both cases, the measurements indicate broad theta-
2theta x-ray reflections at approximately 2θ=15° and 2θ=30°, 
an observation consistent with the presence of polymer crys-
tallites with an average diameter of approximately 20 Å, cal-
culated using the Debye-Scherrer equation, and a d-spacing of 
approximately 5.9 Å. Clearly, the relatively small crystallite 
size would limit the long range order in the P(VDCN-VAC) 
system and suggests the thick cast samples of the cyanopoly-
mer are indeed polymorphous in nature, with small crystallites 
embedded in an amorphous matrix. The low crystallinity 
inferred from the x-ray diffraction results is consistent with 
the lack of a clear crystal melting peak in differential scanning 
calorimetry (DSC) measurements [68, 69]. The DSC meas-
urements did, however, show a large exothermic peak at 170 
°C on heating, indicating a glass transition [68]. It has been 
suggested [69, 76] that the highly polar –C≡N side groups 
form dipole-dipole bonds within 3 or 4 neighboring chains, 
creating a paracrystal [13], which consists of small aggregates 
of tightly packed and aligned cyanopolymer chains. This 
aggregation of polymer chains, it was suggested, allows for 
the cooperative polarization reversal in the presence of a suf-
ficiently large bias field [10, 68, 69].  
 
Figure 6. Structures of PVDF and five cyanopolymer analogs. 
Dielectric studies of the non-methylated copolymer 
P(VDCN-VAC) 50:50 [76] showed no dielectric anomaly be-
low the 170 ºC glass transition temperature. At temperatures 
well above the onset of the glass transition, at approximately 
210 ºC, there is rise in capacitance that Wang et al. [76] call 
“ferroelectriclike” due to it’s similarity to Curie-Weiss behavior 
[4]. They have attributed this peak to “ferroelectric glass” be-
havior. Because the P(VDCN-VAC) copolymer has two mono-
mers that both possess relatively large side chains, it is 
reasonable that the anomaly observed above the onset of the 
glass transition is simply the activation of one or both of these 
side groups, allowing them to more freely respond to the applied 
field. The material under study, however, was reported to be 
amorphous, which is inconsistent with ferroelectricity.  
Another system that has proven fruitful in the study of ferro-
electricity and electroactivity in cyanopolymers is that of poly-
acrylonitrile, PAN [79-81]. Although similar to PVDCN, PAN 
has only one cyano group per monomer, with the missing –C≡N 
group replaced by a single hydrogen atom, as shown in Figure 
7a. As a result, the PAN monomer has a reduced polarization 
compared to a PVDCN. One advantage that PAN has over 
PVDCN is that the PAN homopolymer is quite stable in ambi-
ent conditions [79, 80], therefore permitting detailed study of 
the homopolymer’s electroactive properties.  
 
Figure 7. Chemical structure of an acrylonitrile homopolymer (PAN, left) 
and its copolymer with allycyanide, P(AN-AL).  
Studies of PAN include piezoelectric and pyroelectric re-
sponse [80, 82], dielectric constant [83], and crystal structure 
[81]. Structural studies performed with x-ray diffraction and 
NMR [81] indicate that the PAN homopolymer packs in a 
pseudohexagonal manner with the predominantly planar zig-
zag chain conformation, analogous to the conformation in the 
all-trans ferroelectric β-phase found in PVDF. In addition, it 
has been shown that along the PAN chain exist randomly 
spaced kinks, resulting in a relatively large degree of disorder, 
perhaps similar to a disordered version of the γ phase found in 
PVDF, where there are about 25% gauche bonds (compared to 
0% in the ferroelectric phase and 50% in the paraelectric 
phase). The proposed packing model is that of a hexagonal 
arrangement of rigid rods [81]. Additionally, XRD measure-
ments of cast samples show a strong dependence of the inten-
sity of the x-ray reflection on the strength of the poling 
electric field used to prepare the system [79]. These measure-
ments were performed at 145 °C with various electric field 
strengths. The results clearly show that at a field of 5 MV/m 
and temperature 145 °C the diffraction line associated with a 
5.2 Å crystal d-spacing begins to narrow, indicating an in-
crease in average crystallite size. It is reasonable that applica-
tion of a large electric field aids in the alignment of monomer 
dipoles, which suffer from the disorder caused by the random 
kinking down the polymer chain, and thus helping to stabilize 
a polar phase. Liu and Roland [81] found no evidence for the 
coexistence of multiple phases, as is the case in untreated cast 
PVDF films, in which polymorphous films possess regions of 
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both all-trans and trans-gauche conformation [81, 84]. Fur-
ther, piezoelectric studies have shown that stretching PAN 
fibers results increases the piezoelectric response, which, 
again, is consistent with the “unkinking” of the polymer 
chains (removing gauche bonds) due to strain. Ueda et al. [80] 
found evidence for unkinking by an external electric field. 
Because of the semi-crystalline character of PAN, it exhibits 
both a glass transition and a crystalline melting point, which 
occur at approximately 85° C and 320° C, respectively [21]. 
The strength and position of the glass transition in PAN is 
highly dependent upon sample history, as suggested by the 
increase of crystallinity under the influence of an electric field 
at elevated temperature [79].  
Although PAN has proven an interesting system to study, a 
large amount of work pertaining to the acrylonitrile system 
has focused on the copolymer system poly(acrylonitrile-
allylcyanide) [21, 82], or P(AN-AL), which is shown in 
Figure 7b. The introduction of the co-monomer into the PAN 
structure appears to increase the internal mobility of the 
monomers [21]. As a result of this increased mobility, the 
interaction between neighboring cyano groups is reduced 
sufficiently to help stabilize the structure against gauche bond 
(kink) formation, which was prevalent in PAN. The reduced 
kinking increases the length of trans bond sequences and 
therefore promotes long range conformational order and pro-
duces larger crystallites. The width of the x-ray diffraction 
peak at 5.2 Å exhibits a marked narrowing, indicating an 
increase in crystal size [21]. This d-spacing is significantly 
more compact than the 5.9 Å spacing measured in P(VDCN-
VAC) [68], where the relatively broad peak indicates lower 
crystal coherence. It appears that by copolymerizing the allyl-
cyanide with the smaller acrylonitrile affords more rotational 
freedom, helping to prevent kinks, while at the same time 
keeping adjacent chains relatively close-packed, resulting in 
increased crystallinity.  
Although the P(AN-AL) copolymer has improved crystal-
linity compared to PAN, it is still highly polymorphous, with a 
rather small crystallinity. Electrical measurements of cast 
films of 65:35 P(AN-AL) resulted in an unreasonably large 
polarization hysteresis of 700 mC/m2 [21]. This is much larger 
than the polarization found in P(VDF-TrFE) copolymers, 
whether measured (50-130 mC/m2) or calculated from first 
principles (100-180 mC/m2). The apparent polarization re-
ported for P(AN-AL) is almost certainly too large to attribute 
solely to the permanent dipoles, and is likely an experimental 
artifact that is caused by conduction or charge injection. 
Moreover, the experiment was performed at 105 °C, which is 
approximately 15 °C above the reported glass transition tem-
perature of 90 °C [21]. Again, at temperatures above Tg, di-
electric hysteresis cannot be related to ferroelectricity because 
the material lacks the requisite crystalline symmetry. As the 
temperature was lowered, observation of charge hysteresis 
required much higher fields until, below 68 °C, switching was 
no longer observed. Most critically the samples depolarized 
rapidly when the bias field was removed [21], indicating that 
the polarization quickly relaxed like a poor electret, exhibiting 
metastable dipolar alignment or charge injection.  
The evidence offered for the existence of ferroelectricity in 
P(VDCN-VAC), PAN, or P(AN-AL), appears weak under 
close scrutiny. Rather, it appears that the reported charge 
hysteresis and dielectric anomalies can all be attributed to 
metastable electret effects. This does not, however, rule out 
the existence of ferroelectricity in these, or other cyanopoly-
mer systems. With improved experimental techniques and 
close attention to the contribution of the apparent polarization 
reversal, it may be possible to delimit the existence or non-
existence of ferroelectricity in these and related systems.  
5 SUMMARY 
 Polyvinylidene fluoride is indeed special, primarily be-
cause of its compact linear molecular structure and supple 
backbone. Changing the structure adversely affects these 
qualities in the analogs studied thus far. Increasing disorder by 
inserting, for example TrFE, TeFE, or CTFE reduces the 
transition temperature or converts the system to relaxor behav-
ior. The odd nylons and odd polyureas have reduced backbone 
flexibility, and inhibiting hydrogen bonds, making them hard 
to switch. Halogen substitution with anything larger than 
fluorine destabilizes the all-trans structure. Replacing the 
fluorines with cyano groups retains the all-trans structure, but 
in a close-packed crystal, they encounter steric hindrance that 
inhibits polarization switching. The boron nitride backbone, 
with or without fluorines, is predicted to have approximately 
twice the polarization of PVDF, and is perhaps the most 
promising analog to investigate.  
ACKNOWLEDGMENT 
We thank Vladimir Fridkin for many useful discussions on 
this topic and J. Travis Johnston for preparing the molecular 
models. We thank an anonymous reviewer for suggesting the 
example of gallium nitride as another example of a sterically-
hindered pyroelectric crystal. This work was supported by the 
USA National Science Foundation and the Nebraska Research 
Initiative.  
REFERENCES 
[1] G. M. Sessler, “Electrets,” in Topics in Applied Physics, 2nd ed. Vol. 33 
Berlin: Springer Verlag, p. 453, 1987. 
[2] E. Fukada, “Introduction: Early Studies in Piezoelectricity, Pyroelectric-
ity, and Ferroelectricity in Polymers,” Phase Transitions, Vol. 18, pp. 
135-141, 1989. 
[3] G. Eberle, H. Schmidt, and W. Eisenmenger, “Piezoelectric polymer 
electrets,” IEEE Trans. Dielectr. Electr. Insul., Vol. 3, pp. 624-46, 1996. 
[4] M. E. Lines and A. M. Glass, Principles and Applications of Ferroelec-
trics and Related Materials, Oxford, UK, Clarendon, 1977. 
[5] F. I. Mopsik and M. G. Broadhurst, “Molecular dipole electrets,” J. 
Appl. Phys., Vol. 46, pp. 4204-8, 1975. 
[6] H. Lee, R. E. Salomon, and M. M. Labes, “Pyroelectricity due to a 
space-charge mechanism in a copolymer of acrylonitrile and vinylidene 
chloride,” J. Appl. Phys., Vol. 50, p. 3773, 1978. 
[7] C.-C. Chang, Z. Pei, and Y.-J. Chan, “Artificial electrical dipole in 
polymer multilayers for nonvolatile thin film transistor memory,” Appl. 
Phys. Lett., Vol. 93, p. 143302, 2008. 
[8] M. A. Lampert, “Simplified Theory of Space-Charge-Limited Currents 
in an Insulator with Traps,” Phys. Rev., Vol. 103, pp. 1648-1656, 1956. 
M. Poulsen and S. Ducharme: Why Ferroelectric Polyvinylidene Fluoride is Special 1034 
[9] H. Bässler, “Charge Transport in Disordered Organic Photoconductors,” 
Phys. Stat. Sol. (b), Vol. 175, p. 15, 1993. 
[10] T. Furukawa, “Piezoelectricity and Pyroelectricity in Polymers,” IEEE 
Trans. Electr. Insul., Vol. 24, pp. 375-394, 1989. 
[11] H. S. Nalwa, Ferroelectric Polymers, New York, USA, Dekker, p. 895, 
1995. 
[12] J. Valasek, “Piezo-Electric and Allied Phenomena in Rochelle Salt,” 
Phys. Rev., Vol. 17, pp. 475-481, 1921. 
[13] P. H. Lindenmeyer and R. Hosemann, “Application of the theory of 
paracrystals to the crystal structure analysis of polyacrylonitrile,” J. 
Appl. Phys., Vol. 34, p. 42, 1963. 
[14] J. Sakurai, R. A. Cowley, and G. Dolling, “Crystal dynamics and the 
ferroelectric phase transition of sodium nitrite,” J. Phys. Soc. Jpn., Vol. 
28, pp. 1426-45, 1970. 
[15] D. R. McKenzie and J. S. Dryden, “Dielectric properties and ferroelec-
tric transitions of thiourea,” J. Phys. C (Solid State Physics), vol. 6, pp. 
767-73, 1973. 
[16] M. Wada, A. Sawada, Y. Ishibashi, and Y. Takagi, “Raman scattering 
spectra of SC(NH2)2,” J. Phys. Soc. Jpn., Vol. 45, pp. 1905-10, 1978. 
[17] A. J. Lovinger, “Ferroelectric Polymers,” Science, Vol. 220, pp. 1115-
1121, 1983. 
[18] K. Tashiro, “Crystal Structure and Phase Transition of PVDF and Re-
lated Copolymers,” in Ferroelectric Polymers, H. S. Nalwa, Ed. New 
York, USA, Dekker, pp. 63-181, 1995. 
[19] S. Sawada, S. Hirotsu, M. Takashige, Y. Shiroishi, and H. Iwamura, 
“Ferroelectric Behavior Observed in CaF2,” J. Phys. Soc. Japan, Vol. 36, 
p. 1211, 1974. 
[20] P. N. Prasad and D. J. Williams, Introduction to Nonlinear Optical 
Effects in Molecules and Polymers. New York, USA, Wiley, 1991. 
[21] S. Tasaka, T. Nakamura, and N. Inagaki, “Ferroelectric behavior in 
copolymers of acrylonitrile and allylcyanide,” Jpn. J. Appl. Phys., Vol. 
31, p. 2492, 1992. 
[22] S. Tasaka, T. Shouko, and N. Inagaki, “Ferroelectric Polarization Rever-
sal in Polyureas with Odd Number of CH2 Groups,” Jpn. J. Appl. Phys., 
Part 2 (Letters), Vol. 31, pp. 1086-1088, 1992. 
[23] D. S. Chemla and J. Zyss, Nonlinear Optical Properties of Organic 
Molecules and Crystals, Vol. 1, Orlando, Academic, 1987. 
[24] D. S. Chemla and J. Zyss, Nonlinear Optical Properties of Organic 
Molecules and Crystals, Vol. 2 Orlando: Academic, 1987. 
[25] G. F. Lipscomb, A. F. Garito, and R. S. Narang, “A Large Linear Elec-
tro-Optic Effect in a Polar Organic Crystal 2-methyl-4-nitroaniline,” 
Appl. Phys. Lett., Vol. 38, pp. 663-665, 1981. 
[26] A. D. Bykhovski, V. V. Kaminski, M. S. Shur, Q. C. Chen, and M. A. 
Khan, “Pyroelectricity in gallium nitride thin films,” Appl. Phys. Lett., 
Vol. 69, pp. 3254-6, 1996. 
[27] H. Kawai, “The Piezoelectricity of poly(vinylidene fluoride),” Jpn. J. 
Appl. Phys., Vol. 8, pp. 975-976, 1969. 
[28] S. Hachiya, “Ferroelectric Liquid-Crystalline Polymers and Their Appli-
cation to Display Devices,” J. Soc. Information Display, Vol. 1, p. 295, 
1993. 
[29] J. G. Bergman, J. H. McFee, and G. R. Crane, “Pyroelectricity and 
Optical Second Harmonic Generation in Polyvinylidene Fluoride Films,” 
Appl. Phys. Lett., Vol. 18, pp. 203-205, 1971. 
[30] M. Tamura, K. Ogasawara, N. Ono, and S. Hagiwara, “Piezoelectricity 
in uniaxially stretched poly(vinylidene flouride,” J. Appl. Phys., Vol. 45, 
pp. 3768-71, 1974. 
[31] M. G. Broadhurst, G. T. Davis, and J. E. McKinney, “Piezoelectricity 
and Pyroelectricity in Polyvinylidene Fluoride–A Model,” J. Appl. 
Phys., Vol. 49, pp. 4992-4997, 1978. 
[32] T. Furukawa, “Ferroelectric Properties of Vinylidene Fluoride Copoly-
mers,” Phase Transitions, Vol. 18, pp. 143-211, 1989. 
[33] R. G. Kepler and R. A. Anderson, “Ferroelectricity in polyvinylidene 
fluoride,” J. Appl. Phys., Vol. 49, pp. 1232-35, 1978. 
[34] Y. Oka, N. Koizumi, and Y. Murata, “Ferroelectric Order and Phase 
Transition in Polyutrifluoroethylene,” J. Polymer Sci. B, Vol. 24, pp. 
2059-72, 1986. 
[35] T. Yagi, M. Tatemoto, and J. Sako, “Transition Behavior and Dielectric 
Properties in Trifluoroethylene and Vinylidene Fluoride Copolymers,” 
Poly. J., Vol. 12, pp. 209-223, 1980. 
[36] B. L. Farmer, A. J. Hopfinger, and J. B. Lando, “Polymorphism of 
Poly(vinylidene fluoride): Potential Energy Calculations of the Effects 
of Head-to-Head units on the Chain Conformation and Packing of 
Poly(vinylidene fluoride),” J. Appl. Phys., Vol. 43, pp. 4293-4303, 1972. 
[37] K. Koga and H. Ohigashi, “Piezoelectricity and related properties of 
vinylidene fluoride and trifluoroethylene copolymers,” J. Appl. Phys., 
Vol. 59, pp. 2142-50, 1986. 
[38] A. J. Lovinger, G. T. Davis, T. Furukawa, and M. G. Broadhurst, “Crys-
talline Forms in a Copolymer of Vinylidene Fluoride and Trifluoroethyl-
ene,” Macromolecules, Vol. 15, pp. 323-328, 1982. 
[39] J. F. Legrand, “Structure and Ferroelectric Properties of P(VDF-TrFE) 
Copolymers,” Ferroelectrics, Vol. 91, pp. 303-317, 1989. 
[40] K. Koga, N. Nakano, T. Hattori, and H. Ohigashi, “Crystallization, field-
induced phase transformation, thermally induced phase transition, and 
piezoelectric activity in P(vinylidene fluoride-TrFE) copolymers with 
high molar content of vinylidene fluoride,” J. Appl. Phys., Vol. 67, pp. 
965-74, 1990. 
[41] T. Furukawa, G. E. Johnson, and H. E. Bair, “Ferroelectric Phase Transi-
tion in a Copolymer of Vinylidene Fluoride and Trifluoroethylene,” Fer-
roelectrics, Vol. 32, pp. 61-67, 1981. 
[42] Q. Zhang, V. Bharti, and X. Zhao, “Giant Electrostriction and Relaxor 
Ferroelectric Behavior in Electron-Irradiated Poly(vinylidene fluoride-
trifluoroethylene) Copolymer,” Science, Vol. 280, pp. 2101-2104, 1998. 
[43] C. M. Othon, F. B. Bateman, and S. Ducharme, “Effects of Electron 
Irradiation on the Ferroelectric Properties of Langmuir-Blodgett Co-
polymer Films,” J. Appl. Phys., vol. 98, pp. 014106.1-6, 2005. 
[44] H. Xu, Z.-Y. Cheng, D. Olson, T. Mai, Q. M. Zhang, and G. Kavarnos, 
“Ferroelectric and electromechanical properties of poly(vinylidene-
fluoride-trifluoroethylene-chlorotrifluoroethylene) terpolymer,” Appl. 
Phys. Lett., Vol. 78, pp. 2360-2362, 2001. 
[45] F. Bauer, E. Fousson, and Q. M. Zhang, “Recent advances in highly 
electrostrictive P(VDF-TrFE-CFE) terpolymers,” IEEE Trans. Dielectr. 
Electr. Insul., Vol. 13, 2006. 
[46] B. Chu, M. Lin, B. Neese, X. Zhou, Q. Chen, and Q. M. Zhang, “Large 
enhancement in polarization response and energy density of polyvi-
nylidene fluoride-trifluoroethylene-chlorofluoroethylene by interface ef-
fect in nanocomposites,” Appl. Phys. Lett., Vol. 91, p. 1222909, 2007. 
[47] Y. Lu, J. Claude, L. E. Norena-Franco, and Q. Wang, “Structural De-
pendence of Phase Transition and Dielectric Relaxation in Ferroelectric 
Poly(vinylidene fluoride-chlorotrifluoroethylene-trifluoroethylene)s,” J. 
Phys. Chem. B, Vol. 112, pp. 10411-16, 2008. 
[48] K. Maeda, S. Tasaka, and N. Inagaki, “Effect of Drawing on Ferroelec-
tricity in Vinylidenefluorid-Trifluoroethylene-Hexafluoroacetone Co-
polymer,” Jpn. J. Appl. Phys., Vol. 29, pp. 1296-88, 1990. 
[49] K. Maeda, S. Tasaka, and N. Inagaki, “Ferroelectric Behavior in Vi-
nylidenefluorid-Trifluoroethylene-Hexafluoropropylene Terpolymers,” 
Jpn. J. Appl. Phys., Vol. 30, pp. 716-19, 1991. 
[50] S. M. Nakhmanson, M. B. Nardelli, and J. Bernholc, “Ab Initio Studies 
of Polarization and Piezoelectricity in Vinylidene Fluoride and BN-
Based Polymers,” Phys. Rev. Lett., Vol. 92, p. 115504, 19 March 2004. 
[51] H. Dvey-Aharon, T. J. Sluckin, and P. L. Taylor, “Kink Propagation as a 
Model for Poling Poly(vinylidene fluoride),” Phys. Rev. B, Vol. 21, pp. 
3700-3707, 1980. 
[52] N. C. Banik, F. P. Boyle, T. J. Sluckin, P. L. Taylor, S. K. Tripathy, and 
A. J. Hopfinger, “Theory of structural phase transitions in crystalline 
poly(vinylidene fluoride),” J. Chem. Phys., Vol. 72, pp. 3191-3196, 
1980. 
[53] R. G. Kepler and R. A. Anderson, “Ferroelectric polymers,” Advances in 
Phys., Vol. 41, pp. 1-57, 1992. 
[54] B. A. Newman, J. I. Scheinbeim, J. W. Lee, and Y. Takase, “A new class 
of ferroelectric polymers, the odd-numbered nylons,” Ferroelectrics, 
Vol. 127, pp. 229-34, 1992. 
[55] J. I. Scheinbeim, B. A. Newman, B. Z. Mei, and J. W. Lee, “New ferro-
electric and piezoelectric polymers,” IEEE Intern. Sympos. Applications 
of Ferroelectrics, pp. 248-9, 1992. 
[56] B. Z. Mei, J. I. Scheinbeim, and B. A. Newman, “The ferroelectric 
behavior of odd-numbered nylons,” Ferroelectrics, Vol. 144, pp. 51-60, 
1993. 
[57] S. Esayan, J. I. Scheinbeim, and B. A. Newman, “Pyroelectricity in 
Nylon 7 and Nylon 11 Ferroelectric Polymers,” Appl. Phys. Lett., Vol. 
67, pp. 623-625, 1995. 
[58] S. Ikeda, T. Yuki, T. Nojiri, H. Suzuki, and T. Koda, “Ferroelectric 
Polarization Reversal of Polymers under High Hydrostatic Pressure,” in 
Electroactive Polymers and Rapid Prototyping, Bar-Cohen, Q. M. 
IEEE Transactions on Dielectrics and Electrical Insulation    Vol. 17, No. 4; August 2010 1035
Zhang, E. Fukada, S. Bauer, D. B. Chrisey, and S. C. Danforth, Eds., 
Proceedings of the Materials Research Society Vol. 698, pp. EE3.7.1-6 
2002. 
[59] Y. Murata, K. Tsunashima, and N. Koizumi, “Ferroelectric behavior in 
polyamides of m-xylylenediamine and dicarboxylic acids,” Jpn. J. Appl. 
Phys., Vol. 34, pp. 6458-62, 1995. 
[60] R. Komm, R. A. Geanagel, and R. Liepins, “Synthesis and Studies of 
Poly(aminoborane), (H2NBH2)x,” Inorg. Chem., Vol. 22, pp. 1684-86, 
1983. 
[61] E. F. Rothgery, H. A. McGee, Jr., and S. Pusatcioglu, “Aminodifluorbo-
rane,” Inorg. Chem., Vol. 14, pp. 2236-39, 1975. 
[62] E. Bellet-Amalric, J. F. Legrand, M. Stock-Schweyer, and B. Meurer, 
“Ferroelectric Transition Under Hydrostatic Pressure in Poly(vinylidene 
fluoride-trifluoroethylene) Copolymers,” Polymer, Vol. 35, pp. 34-36, 
1994. 
[63] E. Bellet-Amalric and J. F. Legrand, “Crystalline structures and phase 
transition of the ferroelectric P(VDF-TrFE) copolymers, a neutron dif-
fraction study,” Eur. Phys. J. B, Vol. 3, pp. 225-236, 1998. 
[64] B. Terselius and B. Rånby, “Phase Structure of Polyvinyl Chloride 
(PVC) and PVC/Polymer Blends,” Pure Appl. Chem., Vol. 63, pp. 421-
48, 1981. 
[65] V. Bharti and R. Nath, “Improved Piezoelectricity in Solvent-cast PVC 
Films,” IEEE Trans. Dielec. Elec. Insul., Vol. 2, pp. 1106-10, 1995. 
[66] V. Bharti and R. Nath, “Quantitative analysis of piezoelectricity in 
simultaneously stretched and corona poled polyvinyl chloride films,” J. 
Appl. Phys., Vol. 82, pp. 6488-92, 1997. 
[67] V. Bharti and R. Nath, “Piezo-, pyro- and ferroelectric properties of 
simultaneously stretched and corona poled extruded poly(vinyl chloride) 
films,” J. Phys. D (Appl. Phys.), Vol. 34, pp. 667-72, 2001. 
[68] S. Tasaka, N. Inagaki, T. Okutani, and S. Miyata, “Structure and proper-
ties of amorphous piezoelectric vinylidene cyanide copolymers,” Poly-
mer, Vol. 30, pp. 1639-1642, 1989. 
[69] S. Miyata, M. Yoshikawa, S. Tasaka, and M. Ko, “Piezoelectricity 
revealed in the copolymer of vinylidene cyanide and vinyl acetate,” 
Polymer J., Vol. 12, pp. 857-860, 1980. 
[70] T. Furukawa, M. Date, K. Nakajima, T. Kosaka, and I. Seo, “Large 
dielectric relaxations in an alternated copolymer of vinylidene cyanide 
and vinyl acetate,” Jpn. J. Appl. Phys., Vol. 25, pp. 1178-1182, 1986. 
[71] S. Palto, L. Blinov, A. Bune, E. Dubovik, V. Fridkin, N. Petukhova, K. 
Verkhovskaya, and S. Yudin, “Ferroelectric Langmuir-Blodgett films,” 
Ferroelectrics, Vol. 184, pp. 127-9, 1996. 
[72] A. V. Bune, V. M. Fridkin, S. Ducharme, L. M. Blinov, S. P. Palto, A. 
V. Sorokin, S. G. Yudin, and A. Zlatkin, “Two-Dimensional Ferroelec-
tric Films,” Nature (London), vol. 391, pp. 874-877, 26 Feb. 1998. 
[73] S. Ducharme, S. P. Palto, and V. M. Fridkin, “Ferroelectric Polymer 
Langmuir-Blodgett Films,” in Ferroelectric and Dielectric Thin Films, 
Vol. 3, H. S. Nalwa, Ed. San Diego: Academic Press, pp. 545-591, 2002. 
[74] M. Poulsen, S. Ducharme, A. V. Sorokin, S. Reddy, J. M. Takacs, Y. 
Wen, J. Kim, and S. Adenwalla, “Investigation of Ferroelectricity in 
Newly Synthesized Nitrile Polymer Systems,” Ferroelectrics Lett., Vol. 
32, pp. 91-97, 2005. 
[75] M. Poulsen, “Investigation of Ferroelectric Behavior in Electroactive 
Polymer Systems”, Ph.D. Dissertation, Univ. of Nebraska, 2007. Avail-
able: http://digitalcommons.unl.edu/dissertations/AAI3274754 
[76] T. T. Wang and Y. Takase, “Ferroelectriclike dielectric behavior in the 
piezoelectric amorphous copolymer of vinylidenecyanide and vinyl ace-
tate,” J. Appl. Phys., Vol. 62, pp. 3466-3469, 1987. 
[77] A. J. Lovinger, “Ferroelectric Transition in a Copolymer of Vinylidene 
Fluoride and Tetrafluoroethylene,” Macromolecules, Vol. 16, pp. 1529-
1534, 1983. 
[78] K. Tashiro, M. Kobayahi, M. Kishimoto, and I. Seo, “Structure of 
copolymers of vinylidene cyanide and n-fatty acid vinyl ester,” Polymer 
Prepr. Jpn., Vol. 41, p. 1273, 1992. 
[79] S. I. Stupp and S. H. Carr, “Electric field-induced structure in 
poly(acrylonitrile),” Colloid Polym. Sci., Vol. 257, pp. 913-919, 1979. 
[80] H. Ueda and S. H. Carr, “Piezoelectricity in polyacrylonitrile,” Polymer 
J., Vol. 16, pp. 661-667, 1984. 
[81] X. D. Liu and W. Ruland, “X-ray studies on the Structure of Polyacry-
lonitrile fibers,” Macromolecules, Vol. 26, pp. 3030-3036, 1992. 
[82] H. von Berlepsch, W. Künstler, A. Wedel, R. Danz, and D. Geiß, “Pie-
zoelectric Activity in a Copolymer of Acrylonitrile and Methylacrylate,” 
IEEE Trans. Electr. Insul., Vol. 24, pp. 357-361, 1989. 
[83] A. K. Gupta and N. Chand, “Glass transition in polyacrylonitrile: Analy-
sis of dielectric relaxation data,” J. Polymer Sci. Polymer Phys. Ed., Vol. 
18, p. 1125, 1980. 
[84] A. J. Lovinger, “Poly(vinylidene fluoride),” in Developments in Crystal-
line Polymers-I, D. C. Basset, Ed. London: Applied Sciences, pp. 195-
273, 1981. 
 
 
Matthew Poulsen is from Nebraska. He received the 
B.S. degree in physics (2000) and the Ph.D. degree in 
physics (2007) from the University of Nebraska at 
Lincoln. His interests focused on fundamental and 
applied research on structural and ferroelectric behav-
ior in novel electroactive organic systems. He is a 
member of the American Physical Society and the 
Materials Research Society. He is currently enrolled 
in his final year of law school at the University of 
Nebraska at Lincoln and is employed at Suiter • Swantz pc llo, a patent law 
firm in Omaha, NE.  
 
 
Stephen Ducharme (M’01) is from Massachusetts, 
where he received his early education and the B.S. 
degree in physics at the University of Lowell (now the 
University of Massachusetts, Lowell) in 1981. He 
received the Ph.D. degree in physics in 1986 at the 
University of Southern California. After post-doctoral 
appointments at the University of Utah and the IBM 
Almaden Research Center, he joined the Faculty of the 
Department of Physics and Astronomy and the Ne-
braska Center for Materials and Nanoscience at the 
University of Nebraska, Lincoln, in 1991 and is currently a Full Professor 
and Department Vice Chair. His research interests have focused on 
photorefractive and nonlinear optical materials and ellipsometers and is 
now investigating the fundamental behavior and potential applications of 
ferroelectric polymer Langmuir–Blodgett (LB) films. He is a member of the 
American Physical Society, the Optical Society of America, the Materials 
Research Society, the American Association for the Advancement of 
Science, the American Association for the Advancement of Physics Teach-
ing, and the Society of Sigma Xi.  
 
